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a  b  s  t  r  a  c  t
The  thermal  activation  energy  for  ion  transport  and  related  junction  formation  in  a  polymer  light-emitting
electrochemical  cell  (LEC)  has been  determined  by  measuring  the  transient  behavior  of  light  emission  as
a function  of temperature  from  257  K to  297  K. We  find  the  initial  time  derivative  of  the  light  intensity





flourene-based  polymer  emitter  which  fluoresces  at red/near-infrared  wavelengths.  The  polymer  matrix
includes  phenyl  alkoxy-substituted  PPV  and  an  electrolyte/dopant  system  based  on  both  solid  polymer
and  ionic  liquid  dopants.  Transient  measurements  of current  and  light  emission  have  been used  to  capture
the kinetics  of  both  junction  formation  and  junction  decay  and to  measure  variations  in  optical  external
quantum  efficiency  during  device  turn-on.hermal activation
Light-emitting polymers (LEP) are being developed for an
ncreasingly wide range of display and lighting applications. LEPs
n general are interesting as they allow for very thin devices with
arge area, structural flexibility, and formation by solution process-
ng. However, due to reactivity and processing limitations, cathodes
an be subject to short shelf life. Also, the conventional low work-
unction metal cathodes used in LEP and small molecule devices
an be difficult to scale to large areas. These difficulties can be miti-
ated by the polymer light-emitting electrochemical cell (LEC), a
articular form of LEP that allows the use of large area printed
athodes. LECs do not have a permanent p–n junction; rather, the
pplication of a bias causes dopant ions to migrate and form a p–n
unction in situ [1,2]. This configuration allows greater flexibility in
he design, processing, and stability of charge-injecting cathodes.
The LECs in this study utilize a mixture of polymer chro-
ophores, electronic and ionic charge transport supporters, and
igh mobility ionic liquid dopants that facilitate rapid formation of
 p–i–n junction. While for some applications transient behavior
i.e., turn-on and turn-off times) was initially a limitation in LECs,
ecent advances in high mobility ionic dopants have led to devices
ith faster light-emission output upon application of a bias [3,4].
ork has also been reported on the use of a frozen-in junctiono address transient behavior associated with junction formation
5,6].
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The potential for very lightweight, low cost, flexible devices
makes LECs of great interest for military and other field-related
applications. In these applications, the temperature dependence of
the steady-state light intensity and transient behavior becomes of
increased importance, particularly for colder environments where
the response is expected to be significantly slower. While a range
of turn-on times have been reported for LECs at a single tempera-
ture [7],  transient measurements as a function of temperature are
required to provide predictive power for temperature dependent
behavior. In this paper, we  report variable temperature mea-
surements that lead to a thermal activation energy for junction
formation, as well as measurements of the transient behavior of
the efficiency of the devices.
The devices of interest are doped single layer LECs formed on
flexible, transparent barrier and anode-coated polyethylene naph-
thalate (PEN) substrates. They contain a red/near infrared-emitting
fluorene-based polymer in a matrix that includes Merck Super Yel-
low phenyl alkoxy-substituted poly(p-phenylene vinylene) (PPV)
and an electrolyte/dopant system based on polyethylene oxide
solid polymer ionic transport materials and ionic liquid organic
dopants [4,8]. The cathode material is deposited by screen print-
ing of a silver paste supported by organic binders with subsequent
thermal processing [9];  the anode material is indium tin oxide (ITO),
which is patterned using a printed resist and etch process. The final
device is encapsulated with polyethylene terephthalate (PET) on
the backside as a barrier coating [10].
The polymer layer thickness is ≈500 nm with an emitting area
of 1 cm2. The materials are screen printed at room temperature.
These materials have been optimized for red to near-infrared












































3ig. 1. Radiant exitance as a function of time for an LEC device over the temperature
ange from 297 to 257 K. The inset shows simultaneous current measurements for
he  same temperatures. The device bias was  30 V in all cases.
600–900 nm)  electroluminescent emission through the energy
ransfer from the PPV host polymer to a low molecular weight,
olyfluorene-based emitter. This combination was  used in order to
ake advantage of the enhanced charge transport and print proces-
ibility of the higher molecular weight PPV system, while realizing
reater emission in the infrared from the low molecular weight
mitters.
Transient measurements of current and light intensity were
erformed simultaneously under constant applied voltage bias
onditions. For all cases, the devices were held at room temper-
ture in an unbiased condition for at least 24 h to allow for ionic
opant redistribution and a reproducible starting condition with no
esidual junction formation. Samples were then placed in a variable
emperature refrigerator that was allowed to reach steady state
emperature for at least 24 h prior to measurement.
Voltage bias was applied with a Keithley 230 voltage source
nd the current was measured via voltage measurements across
 100  sensing resistor in series with the sample. The light inten-
ity at a fixed distance was measured with a New Focus Model 2151
emtowatt Photoreceiver and converted to sample radiant exitance
 (total radiant power/area into 2 steradians). This conversion
as accomplished by calibrating the photoreceiver voltage with
he actual power emitted using a Newport 1918-C Optical Power
eter and 918-SL detector placed directly on the sample surface.
The initial transient behavior was measured during a 10 s period
t temperatures ranging from 257 K to 277 K (−16 ◦C to 3 ◦C). Fig. 1
hows the radiant exitance versus time after application of a bias
f 30 V. The inset shows the simultaneous current as a function
f time. The current transient resulting from constant bias voltage
s due to the rapidly decreasing cell resistance during the in situ
oping and junction formation process. For example, at room tem-
erature the resistance of the device changes from an initial value
f ∼400 k to ∼10 k in a period of ∼100 ms  following application
f the bias. It has been proposed that this decrease is associated
ith the formation of space charge regions near the contacts that
llow for injection of electronic charge carriers [11–13].  Fig. 1 shows
he strong temperature dependence of the set-up time for this
rocess.
We extract the initial rate of change of the light intensity
˙
 = I/t  during the first 500 ms  as a measure of the transient
esponse rate and plot ln(I˙) versus 1/T  in Fig. 2. The resulting lin-
ar Arrhenius plot I˙  = I˙0 exp(−A/kT) supports first-order kinetics
ith an activation energy A = 1.60 eV. A similar analysis was  per-
ormed over the same temperature range with an applied bias of
7 V, resulting in an activation energy of 1.61 eV.Fig. 2. Arrhenius plot (natural logarithm of the rate of increase of light emission as
a  function of inverse temperature). The best-fit activation energy is 1.6 eV.
Both ionic and electronic transports play important roles in the
transient response of a light-emitting electrochemical cell. Upon
initial application of bias, however, it is the ion transport that is
expected to be the rate-limiting step. The resultant space charge
at the contacts leads to enhanced injection of electronic carriers
(electrons and holes) and the emission of light. Most work to date
has dealt with steady state or quasi steady-state behavior, but the
combination of the initial transient optical response with temper-
ature provides an opportunity for a fundamental measure of the
ionic motion.
Related measurements of the activation energy for ionic conduc-
tivity have been made in both polymer electrolyte materials [13,14]
and more recently in polyacetylene ionomers [15]. Measurements
of the conductivity of undoped PPV from 209 to 296 K yield an
Arrhenius temperature dependence for the zero-field hole mobil-
ity with an activation energy of 0.48 eV [16]. In our case, however,
we measure an effective thermal activation barrier determining the
transient behavior for the combined processes of polymer ioniza-
tion and ion mobility under bias that determine the near-contact
and charge injection response.
The optical response at low temperature can also be affected
by memory effects and the slow decay of the junction. If, at low
temperature, the junction is initially established and then allowed
to decay by removing the bias, restoring the bias before the junction
has fully decayed will cause the turn-on time for light emission to
be much faster. The time for this junction-decay process is expected
to be much slower than the turn-on time since it occurs under zero
bias with no field-enhanced mobility.
We observe the junction-decay kinetics experimentally by
forming the junction, then removing the bias for a period of time,
and finally reapplying the bias and observing the transient behav-
ior. Fig. 3 shows a series of measurements of the light intensity
following application of a 5 mA constant current bias with a 37 V
compliance setting at a temperature of 257 K. (The use of a current
bias with specified voltage compliance replicates the type of bias
that would be used in the operation of a practical device. It allows
for rapid turn-on without current runaway that would damage the
device). Because the initial device resistance is so high, one should
note that there is an initial period where the compliance voltage is
reached without achieving the current set point so that the bias is
effectively the constant compliance voltage with the current rising
with time. After the resistance decreases sufficiently, however, the
bias reverts to the set current.
The experiment was  started by storing the device at room
temperature in an unbiased condition for an extended period – typ-
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Fig. 3. Radiant exitance as a function of time for a 37 V bias step at 257 K. (a) Initial






























Fig. 4. Ratio of radiant exitance to current (optical external quantum efficiency) as
a  function of time measured for four temperatures in the range from 277 to 297 K.
The  inset shows the radiant exitance/current ratio as a function of time, normalizedias shutoff in (a), (c) 4 h after bias shutoff, (d) 15 h after bias shutoff. Each measure-
ent was  independent with a 24 h, room temperature reset. Data were taken every
0  ms,  with the bias applied at arbitrary time t0 = 90 ms.
cally overnight. After cooling, the junction was then established
y applying the bias for 250 s (≈50 s at the compliance voltage and
nother 200 s at the set current), far beyond the period shown in
ig. 3(a). The driving current was then turned off and the device
emained unbiased for 2 min. The 5 mA/37 V bias was then reap-
lied; the optical response is shown in Fig. 3(b). One sees immediate
less than 20 ms)  light emission output that is initially higher in
ntensity than the emission level at the end of the junction forma-
ion period shown in Fig. 3(a). The intensity then decreases over the
ext 10 s before beginning a slow transient increase that is typical
f these devices during the first few hours of steady-state operation.
We then repeated the experiment, interrogating the transient
esponse at times of 4 h (Fig. 3(c)) and 15 h (Fig. 3(d)) after junc-
ion formation, again at 257 K. In order to eliminate any influence
f the previous probe experiments, the sample was  returned to
oom temperature and reset for at least a 24 h period between each
xperiment, thereby providing the same initial condition and prior
peration for all results in Fig. 3(b–d). One sees in Fig. 3(d) that at
57 K, even 15 h after the bias is removed, the material continues to
how an immediate optical response, indicating that the junction
s still partially formed. The decrease in initial intensity over time,
owever, also indicates that ion redistribution is occurring as the
evice resets to its original neutral condition.
Due to the large, but rapidly decreasing sample resistance men-ioned previously, there is an initial period of time over which the
ample is biased by the constant compliance voltage of the cur-
ent source. The end of this period is always indicated by a cusp
n the measured light intensity, indicating a sudden change in thefor both maximum intensity and time tn to maximum intensity.
current supply slope as the bias crosses over from constant volt-
age (current increasing) to constant current (voltage decreasing).
For the completely reset junction at 257 K, this time occurs ≈50 s
after initial turn on. However, after 2 min  subsequent rest time
crossover occurs within less than 20 ms,  and after 4 and 15 h rest
time crossover occurs at 1 s and 5 s respectively. In all cases we  see
a decrease in light emission intensity in the period immediately fol-
lowing the onset of constant current operation. This decrease is not
associated with the long term degradation that has been observed
in polymer LEC devices [17], but rather is a reproducible transient
phenomenon indicating a period of decreased efficiency for carrier
injection.
In order to illustrate the relationship of light to current more
directly, we  return to the transient measurements of light and cur-
rent using a constant 30 V bias and varying temperature. While
both light and current increase monotonically with time, the
light/current ratio, which is proportional to an effective exter-
nal quantum efficiency, does not. Fig. 4 shows this ratio during
the first 18 s of operation (at room temperature, the run was
discontinued after 4 s to prevent device damage from the high
current density). Scaled to the room temperature data, this behav-
ior is apparently universal, as shown by the inset to Fig. 4.
Over the time scale shown, the ratio reaches a short term maxi-
mum  and then decreases more slowly. This behavior is consistent
with the decrease in efficiency shown by Edman et al. [7] at a
longer time scale that did not include the high resolution initial
transient data presented here. At even longer times, efficiencies
in some devices have been shown to increase again, as docu-
mented by studies over significantly longer time scales [18]. In
the time period of interest here, however, the data indicate some
phenomenon that reduces the conversion efficiency for injected
carriers.
Causes for this decreased efficiency during the relatively early
stages of transient operation could include trapping behavior
in the near-contact region, self-heating effects or current-driven
transformation in the ion-transport polymer-salt morphology as
suggested in Ref. [7].  Another possible explanation for the short
term behavior could be charge balance. Upon applying bias to the
device, dopant motion and, in particular, cation dopant motion
leads to a sharp increase in electron current and a rapid rise
in device efficiency. However, as doping of the cathode inter-
face increases, injected electron density near the cathode can

























[K.O. Burnett et al. / Synthet
 drop in excitonic quantum efficiency. Alternately, the slower
rrival of the anionic dopants at the LEP/ITO interface could lead
o a competing increase in hole injection which eventually leads
o an increasing hole-dominated imbalance in carriers. Further
ynamic studies will be required to determine the exact mecha-
isms.
In summary, we have determined the activation energy for the
rocess of junction formation in a polymer LEC by measuring the
ransient optical response as a function of temperature. An energy
f 1.6 eV has been determined over a temperature range from 257 to
97 K. The strongly temperature-dependent behavior that results
an be mitigated in some applications by the low temperature sta-
ility of the junction. This initial transient behavior however, does
uggest potential performance constraints for normal field environ-
ents (e.g., temperatures in the range from −10 to −20 ◦C) of LEC
ased displays in applications where transient response is critical.
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